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ABSTRACT
To gain a better understanding of the inner disc region that comprises active galac-
tic nuclei it is necessary to understand the pattern in which the disc is illuminated
(the emissivity profile) by X-rays emitted from the continuum source above the black
hole (corona). The differences in the emissivity profiles produced by various corona
geometries are explored via general relativistic ray tracing simulations. Through the
analysis of various parameters of the geometries simulated it is found that emissivity
profiles produced by point source and extended geometries such as cylindrical slabs
and spheroidal coronae placed on the accretion disc are distinguishable. Profiles pro-
duced by point source and conical geometries are not significantly different, requiring
an analysis of reflection fraction to differentiate the two geometries. Beamed point
and beamed conical sources are also simulated in an effort to model jet-like coronae,
though the differences here are most evident in the reflection fraction. For a point
source we determine an approximation for the measured reflection fraction with the
source height and velocity. Simulating spectra from the emissivity profiles produced
by the various geometries produce distinguishable differences. Overall spectral differ-
ences between the geometries do not exceed 15 per cent in the most extreme cases. It
is found that emissivity profiles can be useful in distinguishing point source and ex-
tended geometries given high quality spectral data of extreme, bright sources over long
exposure times. In combination with reflection fraction, timing, and spectral analysis
we may use emissivity profiles to discern the geometry of the X-ray source.
Key words: accretion discs – black hole physics – line: profiles – X-rays: general
1 INTRODUCTION
Active galactic nuclei (AGN) are responsible for some of
the most energetic and luminous X-ray phenomena in the
Universe. The spectra observed from these objects are pro-
duced by photons emitted by the hard X-ray source that
lies above the optically thick, geometrically thin accretion
disc. Thermal seed photons emitted by the accretion disc
are inverse-Compton scattered in the hot electron plasma
(corona) above the disc and are emitted as X-rays forming
a power law continuum (Sunyaev & Truemper 1979), which
may in turn be reflected off of the accretion disc producing
an observed reflection spectrum (George & Fabian 1991).
The formation of the corona is thought to be a result
of the acceleration and confinement of energetic particles by
magnetic fields anchored on the accretion disc (Galeev et al.
1979; Haardt & Maraschi 1991; Merloni & Fabian 2001). Its
geometry is likely to be complex (e.g. patchy or collimated)
? E-mail: agonzalez@ap.smu.ca
(e.g. Wilkins & Gallo 2015b; Wilkins et al. 2015), extended
over some part of the inner disc (e.g. Wilkins & Fabian
2012; henceforth WF12), and dynamic on various time scales
(e.g. Gallo et al. 2015; Wilkins & Gallo 2015a). However, for
modelling purposes it is often considered a point-like source
hovering over the black hole spin axis (i.e. the “lamppost”
model). This is not an unreasonable simplification since cur-
rent spectral (e.g. Brenneman & Reynolds 2006; Gallo et al.
2013; Parker et al. 2015) and timing studies (e.g. Fabian
et al. 2009, 2013; Zoghbi et al. 2010) do support a compact
and centrally located corona, though in a growing number of
cases this is insufficient (e.g. WF12, Wilkins & Gallo 2015a).
By studying the illumination pattern of the accretion
disc by the corona (emissivity profile) it is possible to probe
the nature of the source and its geometry. Throughout this
work the illumination profile (photons incident on the disc)
and emissivity profile (photons processed and re-emitted by
the disc) are treated as equivalent, and thus the terms used
interchangeably. Laor (1991) defined the emissivity,  (r), as
the reflected flux from the accretion disc as a function of
c© 2017 The Authors
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radius measured in the frame of the accretion disc. The re-
flection spectrum observed at infinity, F0 (ν0), is therefore of
the form:
F0 (ν0) =
∫
 (re) Ir
(
ν0
g
)
T (re,g)dgredre (1)
where Ir is the rest-frame reflection from the disc, T (re,g) is
the transfer function which projects the rays to the observer,
and is integrated over all redshift values g = Eem/Eobs, where
Eem is the energy emitted and Eobs is the energy measured
by an observer, over all radii r of the accretion disc such that
the emitted line is shifted to ν0. The emissivity profile can
be measured from AGN data and fit with a power law in or-
der to gain insight into the nature of the X-ray source (e.g.
Wilkins & Fabian 2011). Simulating various corona geome-
tries and exploring the emissivity profiles produced allows
for comparisons to be made between theoretical models and
the measured profiles obtained from AGN data.
Modelling the emissivity profiles produced by point
source coronae (e.g. Miniutti et al. 2003), ring-like geome-
tries (e.g. Suebsuwong et al. 2006), and extended slabs
(which may be seen as representing the bulk of a more de-
tailed extended model) (e.g. WF12) has been shown to ac-
curately reproduce these measured profiles. WF12 were able
to successfully show through comparing simulated emissiv-
ity profiles with observational data that the extended nature
of the corona can be detected in the emissivity profile of the
blurred reflection spectrum.
For the narrow line Seyfert 1 (NLS1) galaxy 1H 0707–
495 the emissivity profile was consistent with a twice-broken
power law. The profile was steep in the inner region where
light bending is dominant, flat at intermediate radii where
the corona blankets the disc, and drops with r−3 at large
distances. Further analysis shows the emissivity profile, and
hence the geometry of the corona, may change depending
on the flux of the source. For example, Wilkins et al. (2014)
found the corona in 1H 0707–495 to be extended in the bright
state but compact when the source was dim, showing a dy-
namic nature of the corona undergoing phase changes and
altering its geometry significantly during these processes.
The emissivity profile is a strong probe for geometry of the
corona that can be used alongside various other tools in-
cluding the reflection fraction (e.g. Wilkins 2015; Wilkins &
Gallo 2015a) and time-lag analysis (e.g. Wilkins & Fabian
2013) in order to gain further insights into the nature of the
X-ray source.
The goal of this work is to extend upon the growing
research base on extended corona geometries by simulating
various sources and examining the differences between them.
In this paper we will review the point source corona before
moving into extended corona geometries, including a section
on beamed point and extended sources. We investigate var-
ious parameters of the corona geometry to determine which
are visible in the produced emissivity profiles. We also ex-
amine other spectral signatures of the extended coronae that
may be measured in observations.
2 RAY TRACING & CALCULATIONS
The theoretical emissivity profiles shown throughout this pa-
per were produced via general relativistic ray tracing simu-
lations of various corona geometries above a rotating Kerr
black hole. The Kerr metric in Boyer-Lindquist co-ordinates
follows as:
ds2 = c2
(
1− 2µr
ρ2
)
dt2 +
4µacr sin2 θ
ρ2
dtdϕ− ρ
2
∆
dr2 −ρ2dθ2
−
(
r2 +a2 +
2µa2r sin2 θ
ρ2
)
sin2 θdϕ2
(2)
where a ≡ J/Mc, µ ≡ GM/c2, ρ2 ≡ r2 + a2 cos2 θ, and ∆ ≡ r2 −
2µr + a2. Making use of the convention c = µ = 1 provides
units of gravitational radii such that rg =GM/c2.
The exact method in which the ray tracing simulations
were performed, along with the construction of the X-ray
source, is presented in WF12 and is summarized briefly here.
Photons are propagated along null geodesics in the
spacetime surrounding a Kerr black hole until they reach
the accretion disc, the event horizon, or escape the system.
The X-ray source is constructed based on the geometry to
be studied (e.g. a point source, cylindrical, spheroidal, el-
lipsoidal, or conical geometry) with rays starting a random
locations within the defined source region. A tetrad of basis
vectors, with one time-like (e′(t)) and three space-like (e
′
(1),
e′(2), e
′
(3)) vectors, is constructed for each source type (e.g.
stationary, rotating, or beamed) ensuring that they satisfy:
e′(α) · e′(β) = gµνeµ(α)eν(β) = η(α)(β) (3)
where gµν is the metric tensor corresponding to the Kerr
metric in Equation 2 and η(α)(β) is the Minkowski metric.
Once the rays have been initiated within the source re-
gion and propagated to the accretion disc (those that reach
the event horizon or escape the system are disregarded) they
are summed in radial bins for annuli of area A (r,dr) on the
disc, giving the number of photons as N (r,dr). Accounting
for redshift effects on photon energy dividing by a factor of
g2 gives the emissivity profile as:
 (r) =
N (r,dr)
g2A(r,dr)
(4)
where g = Eem/Eobs with Eem being the energy emitted and
Eobs being the energy measured by an observer. By calculat-
ing the emissivity profiles of various corona geometries and
analysing the differences between them raises the possibility
of detecting different source geometries in AGN data.
3 POINT SOURCES
The venture into examining different corona geometries be-
gins with the simple stationary, isotropic point source (the
aforementioned “lamppost” model). In the simulations, the
source is held at a fixed height z on the spin axis above the
accretion disc of a rotating Kerr black hole with dimension-
less spin parameter a = 0.998, as shown in Figure 1a.
As in WF12 a set of basis vectors must be constructed
for this source model in order to evaluate the energies of the
emitted photons as well as the angle of photon emission ac-
cording to the rest frame of an observer outside of the source
frame of the corona. In this framework, the space-like basis
vectors are such that they form a Cartesian coordinate sys-
tem in the observer’s frame. The source may also be given
a rotational velocity Ω = dϕ/dt =
(
a± x3/2
)−1
about the spin
axis, where x is the distance from the spin axis. For a sta-
tionary, isotropic point source Ω = 0. Constructing the tetrad
MNRAS 000, 1–15 (2017)
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(a)
(b)
(c)
Figure 1. (a) A schematic representation of a stationary,
isotropic point source located at a height z with displacement x
from the spin axis above a rotating Kerr black hole and accretion
disc. (b) A comparison of point sources at four different heights
ranging from z = 1.5rg to z = 20rg located on the rotation axis of a
black hole with a = 0.998. (c) Point source coronae at z = 10rg with
x = 0rg to x = 20rg away from the rotation axis.
of basis vectors, using the method in Appendix A of WF12,
for a point source yields:
e′(t) =
√
1
gtt +2Ωgϕt +Ω2gϕϕ
(1,0,0,Ω)
e′(1) =
0,
√
−1
grr
,0,0

e′(2) =
0,0,
√
−1
gθθ
,0

e′(3) =
√
1
gtt +2Ωgϕt +Ω2gϕϕ(
gϕt +Ωgϕϕ,0,0,Ωgϕt −gtt
)
(5)
Ray tracing simulations were run for stationary,
isotropic point sources at z = 1.5rg, z = 5rg, z = 10rg, and
z= 20rg. The results of these simulations are shown in Figure
1b.
The general shape of all lines on the plot resembles a
twice-broken power law with a steeply falling inner profile
and an outer profile following r−3. The steep slope of the in-
ner profile is a result of time dilation greatly enhancing the
flux of photons incident on the innermost region of the ac-
cretion disc according to observers closest to the black hole.
The profile shape for point sources obtained here as well
as the trend with increased height agree with similar works
studying the lamppost geometry (e.g. Miniutti et al. 2003;
Suebsuwong et al. 2006;WF12;Dauser et al. 2013; Dovciak
et al. 2014).
Trials with spin parameter a < 0.998 act to increase the
innermost stable circular orbit (ISCO) and therefore trun-
cate the profile at small r. The spin parameter is held at
a = 0.998 for all following work.
The first property of the point source model is the height
of the corona above the black hole. Figure 1b shows how
the height of the source effects its emissivity profile. For
a point source at z = 1.5rg the effects of general relativity
are extreme. Most of the photons landing on the accretion
disc are focused tightly around the black hole and immedi-
ate vicinity. Increasing the height of the source produces a
twice-broken power law shape in the emissivity profile that
becomes pronounced for larger values of z, as found in WF12.
For r ≈ z in the latter three cases a turnover exists in the
profile at the second break point. This second break-point in
the twice-broken power law description is measured directly
from the Fe Kα line in the reflection spectrum of AGN and
can be constrained to within ∼15–30 per cent error (e.g.
Wilkins & Fabian 2011; Wilkins & Gallo 2015b). Common
to all cases is the outer profile which follows r−3 as in the
case of the classical description of a point source above an
infinite plane.
The second property of the point source geometry is
displacement from the spin axis, given by x, the results of
which are shown in Figure 1c for a point source located at
z = 10rg. As the source moves away from the spin axis the
inner disc receives fewer photons while the outer disc receives
proportionally more. Particularly, where r ≈ x the break in
the emissivity profile is accentuated indicating that (other
than the inner disc) the largest number of photons land on
MNRAS 000, 1–15 (2017)
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Figure 2. Emissivity profiles produced by point sources at height
z = 10rg with varying values of photon index Γ for the incident
spectrum.
the disc directly under the point source. If these sources
were each to be co-rotating with the accretion disc, a more
pronounced break would be visible in the profile as rays are
beamed in the direction of motion, focusing the emission and
further increasing the number of photons received by the disc
at r ≈ x, as shown in WF12. The axisymmetric nature of the
Kerr spacetime means that this example of a displaced point
source is equivalent in disc illumination to a ring-like source
geometry as we consider the emissivity profiles as a function
of r only and are therefore azimuthally averaged.
Thus far, we have been assuming the value of Γ, the
photon index, of the power law spectrum emitted from the
corona incident on the accretion disc as Γ = 2.0. We may vary
this value and study its effect on the emissivity profile of a
point source, shown in Figure 2. The variation of the pho-
ton index requires a variant of Equation 4 where g2 in the
denominator is replaced by gΓ. This arises as the number of
photons travelling along any given ray must be conserved
for different Γ, requiring the energy correction, previously
g2, to be adjusted accordingly, to gΓ, in order to properly
account for the change in the number of photons in each bin
of the emissivity profile. As can be seen in the plot, by using
a spectrum with a steeper continuum we have increased the
slope of the profile form the innermost region of the accre-
tion disc. Beyond r ≈ 10rg, however, the effect of changing
the value of Γ quickly becomes minimal. This effect, though
important, will not be further studied in the cases to come as
the result is well illustrated with this single example. With
this preliminary analysis of point sources complete it is now
possible to examine more physically plausible examples of
extended corona geometries.
4 EXTENDED SOURCES
Extended source geometries can be simulated as a sum of
point sources within a defined region, producing an opti-
cally thin extended corona geometry. Each of the rays within
the constructed geometry is given a random initial position
and random direction with distribution such that each point
emits isotropically in its own rest frame. Photons are then
propagated along null geodesics, as in Section 3, until they
either reach the disc, are lost beyond the event horizon, or
escape the system. Note that, as in WF12, extended sources
are assumed to have a homogeneous emissivity profile. This
means that finding the best-fitting profile to an observed
spectrum finds the geometry as extent of a structure that is
representative of the bulk of the coronal emission.
4.1 Cylindrical
We begin the extended source geometry analysis with a ro-
tating cylindrical slab at height z above the accretion disc.
The cylinder has thickness ∆z and radial extent Rcor, as seen
in Figure 3a. In this geometry points are assumed to co-
rotate with the portion of the disc directly beneath, if, for
instance, they are accelerated by field lines anchored to the
disc beneath (e.g. WF12). This gives points in the corona a
rotational velocity of Ω = dϕ/dt =
(
a± x3/2
)−1
where x is the
distance from the spin axis.
In Figure 3b we compare the emissivity profile produced
by a cylindrical slab, centred on z = 10rg with radial extent
Rcor = 10rg and thickness ∆z = 2rg, to a point source at z =
10rg. It can be seen that in the case of the slab corona the
photons landing on the accretion disc are spread over the
outer radii of the disc causing the profile to be flattened in
comparison with that of the point source. This result is to
be expected from the extended nature of the slab geometry
as we are essentially summing the emissivity profiles of all
point sources contained within the region defined by the
cylindrical source.
At just over r = 10rg a break point in the profile of the
disc is produced in the case of the cylindrical corona, corre-
sponding with the outer edge of the slab. The profile then
falls off with slope approximately equal to that of the outer
profile produced by point source at large radii. The twice-
broken power law shape is prevalent in both cases, though
the flattened midsection of the emissivity profile resulting
from the slab geometry enhances the shape.
By simulating different source heights above the accre-
tion disc for extended cylindrical models, the emissivity pro-
files in Figure 3c are produced. Placing the corona closer
to the accretion disc results in more of the emission being
focused on the inner region of the disc, as seen by the en-
hanced inner profile for the lowest sources. By moving the
slab further away from the disc, to be centred at z = 10rg,
the inner region of the accretion disc receives a smaller frac-
tion of the emitted photons. Also included is a thick slab
of ∆z = 7rg that encapsulates the two other slabs centred on
z = 5rg and z = 10rg. From this we can see that thickness of
the corona does not significantly impact the shape of the
emissivity profile, retaining its twice-broken shape. Overall,
increasing distance from the accretion disc acts to stretch
the shape of the profile and thus distribute photons more
evenly across the disc.
Extending the cylindrical geometries radially produces
the emissivity profiles in Figure 3d. By reducing the radial
extent of the slab the break in the profile moves to a smaller
radius, and conversely increasing the extent moves the break
MNRAS 000, 1–15 (2017)
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(a) (b)
(c) (d)
Figure 3. (a) A cylindrical slab corona geometry rotating with Ω = dϕ/dt located at a height z above a rotating black hole. It has thickness
∆z and extends radially a distance Rcor over the accretion disc. (b) A comparison of a point source at z = 10rg with an extended cylindrical
slab centred on z = 10rg with extent Rcor = 10rg and thickness ∆z = 2rg. (c) The effect of height on profiles of cylindrical sources centred
on z = 2.5rg, z = 5rg, and z = 10rg with Rcor = 10rg and of thickness ∆z = 2rg, with a thick slab centred on z = 7.5rg of thickness ∆z = 7rg. (d)
Various cylindrical sources with radial extents Rcor = 5rg, Rcor = 10rg, and Rcor = 20rg all centred on z = 2.5rg and of thickness ∆z = 2rg.
point out to larger radii. As noted previously, the break point
in the emissivity profile traces the outer edge of the slab
which allows us to measure the radial extent of the source,
as shown in WF12.
Comparing the results in Figures 3c and 3d shows that
the extent of the slab produces a larger effect on the emis-
sivity profile than does the height of the source. This indi-
cates that for extended geometries covering a large portion of
the disc radial extent is more easily determined than source
height and has a more significant impact on the emissivity
profile overall, as found in WF12. With an understanding
of how changes in location and size of an extended source
geometry affect the emissivity profile it is now possible to ex-
amine different configurations, such as a hemisphere placed
directly on the accretion disc.
4.2 Spheroidal
For the point source and cylindrical slab, the source was
located at some height z above the black hole and accretion
disc system. In this case a hemisphere of radius Rsph rotating
with Ω = dϕ/dt, as defined in Section 3, is placed on the
accretion disc, encapsulating the black hole itself, as shown
in Figure 4a.
Referring back to Figure 3c and the observed effect of
moving an extended source closer to the black hole, we al-
ready have an intuition that the emissivity profile will ex-
MNRAS 000, 1–15 (2017)
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(a) (b)
(c) (d)
Figure 4. (a) A spheroidal corona geometry rotating with Ω = dϕ/dt and radius Rsph located on the accretion disc of a rotating black
hole. (b) An ellipsoid corona geometry rotating with Ω = dϕ/dt with semi-major axis a and semi-minor axis b located on the accretion disc
of a rotating black hole. (c) Comparing two sets of cylindrical and spheroidal corona geometries of similar size located on the accretion
disc. (d) Investigating the effect of height on spheroidal corona geometries with semi-major axes a = 10rg and varying semi-minor axes
b = 2.5rg, b = 5rg, and b = 10rg.
hibit a shortened flatter mid-section as we are close to the
black hole.
Figure 4c compares the emissivity profiles produced by
two sets of like-sized spheroidal and cylindrical extended ge-
ometries placed on the accretion disc. The profiles produced
are of similar shape dropping from their flattened midsec-
tion at the same radius for like sized sources. Spherical ge-
ometries produce a more pronounced break and a decreased
number of photons reaching the outer regions of the accre-
tion disc. This result is not unexpected as the spheroidal
sources are smaller in volume than similarly sized cylindri-
cal slabs by a factor of one-third, with the missing volume
being most significant at the outer edge of the source. As
such, the spheroidal geometries emit fewer photons at the
maximum radial extents than the cylindrical sources, pro-
ducing the discussed results in the profiles.
Moving forward, it is not unreasonable to argue that a
spheroidal corona may become oblate due to the orbital mo-
tion of the corona. Moreover, if the corona is in fact formed
by the magnetic fields anchored on the accretion disc, their
movement and rotation would also produce an oblate de-
formation of the spheroid. Therefore, it is plausible that a
spheroidal geometry would warp into an ellipsoidal configu-
ration, with semi-major axis a and semi-minor axis b as in
Figure 4b.
Comparisons of the emissivity profiles of similarly sized
spheroidal and ellipsoidal coronae can be seen in Figure 4d.
By decreasing the height b of the spheroidal geometry to be-
come more ellipsoidal, a decreased number of photons reach
the outer extent of the accretion disc while an increased
number are observed to land on the inner region of the disc.
This change produces a more pronounced break point for
reductions in the value of b. These results are expected as
decreasing the height of the spheroidal shape removes a por-
tion of the source located furthest away from the black hole,
reducing the number of photons reaching the outer disc. This
effect is that fewer photons are able to reach the outer por-
tion of the disc and are emitted closer to the black hole,
being drawn into the region of the inner few radii of the
accretion disc.
4.3 Conical
In all of the extended geometries studied thus far we have
been examining emissivity profiles produced by predomi-
nantly radially extended sources. With such corona geome-
tries studied both on the disc and at some height z above it
MNRAS 000, 1–15 (2017)
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we may move to another physically motivated source config-
uration with a focus on being vertically extended to simulate
the base of a jet.
Conical geometries opening away from the black hole
pose an attractive and physically motivated source geom-
etry as in the base of a jet in AGN (Blandford & Znajek
1977; Falcke & Biermann 1995; Ghisellini et al. 2004). The
simulation of conical sources can be done utilizing the same
basis vectors previously derived for a source rotating with
Ω = dϕ/dt and by constraining a sum of point sources within
a region defined with height z and opening angle ψ (Figure
5a).
Neither the cylindrical slab nor spheroidal geometries
provide an appropriate comparison to the conical source as
they are both much larger in volume. Conical sources with
small opening angles ψ are more plausible candidates for jet-
like source bases as too great of an angle would produce a
much weaker focusing of the rays in the direction of open-
ing. Therefore, point sources will be used as the basis for
comparison throughout this section.
In Figure 5b two conical geometries of height 1.5rg ≤ z ≤
5rg and 5rg ≤ z ≤ 10rg with opening angle ψ = 10◦ are com-
pared to two point sources at heights z = 5rg and z = 10rg.
The comparison of the emissivity profiles show that in both
cases the point source located at the top of the respective
cone produces a profile shape exceptionally similar to that
of the matching conical source. This result is not entirely
unexpected as the opening angle of the conical sources must
remain small and therefore the majority of the source vol-
ume is located closer to the top of the cone than the vertex.
Similar findings were obtained by Dauser et al. (2013) com-
paring point sources to vertically extended coronae, where
it was determined that a point source at some intermedi-
ate location between the base and top of a conically shaped
geometry could produce a very similar emissivity profile.
This result does prompt the need to further test the
difference between point sources and conical geometries in
different ways. We define the reflection fraction, R, as:
R =
Ndisc
Nescaped
(6)
where Ndisc is the number of photons that land on the ac-
cretion disc, producing an observed reflection spectrum, and
Nescaped is the number of photons that escape the system
entirely, forming the observed power law continuum.
Observationally, we cannot measure the number of pho-
tons incident on the accretion disc due to various processes
that take place once the photon reaches the disc that result
in a different number of reflected photons. Assuming that the
coronal emission is constant over time, however, allows for
the accretion disc to eventually reach an equilibrium state
such that the energy incident on the disc from the corona
is equal to the energy output by the disc. Thus an approx-
imation to the fraction of photons that are incident on the
disc can be obtained from a reflection fraction defined as the
ratio of reflected to continuum flux.
Using Equation 6 it is found that for the conical source
with height 5rg ≤ z ≤ 10rg (Figure 5b) R = 1.775 and for the
point source at z = 10rg that R = 1.487. Furthermore, for the
cone at 1.5 ≤ z ≤ 5rg R = 3.246 and for the point source at
z = 5rg that R = 2.114. The reflection fraction of conical ge-
ometries are not significantly different from point sources
if they are sufficiently far away from the black hole. In the
case of the sources within 5rg of the black hole, the extended
nature of the source down to z = 1.5rg does come into effect
as more photons here are focused back down onto the inner-
most regions of the accretion disc whereas in the case of the
point source all of the photons emitted are at z = 5rg with a
much reduced effect of gravity from the singularity.
As in the previous sections we may begin the further
analysis of conical sources by varying the height above the
accretion disc and black hole, as seen in Figure 5c. The
results produced here are consistent with expectations: a
source closer to the black hole exhibits a nearly featureless
profile with less photons landing on the outer disc while a
source further away from the black hole accentuates the un-
derlying twice-broken nature of the profile with a flattened
midsection.
Further exploration naturally leads to the variance of
the opening angle of the cone, which has the effect of in-
creasing the radial extent over the accretion disc. The results
shown in Figure 5d were produced by a cone at 5rg ≤ z ≤ 10rg
and indicate that by decreasing the opening angle the pho-
tons become further focused on the innermost radii of the
accretion disc while increasing the value of ψ allows for more
photons to land at larger radii. In fact, the conical source
with the smallest angle produced an emissivity profile more
similar to a point source while the profile produced by the
cone with a larger opening angle resembles an extended pro-
file such as those seen in the slab cases. Between the three
examples shown in Figure 5d the profile shape differs far less
in comparison to the effect of height.
5 BEAMED SOURCES
Beamed sources are especially relevant in AGN where out-
flows or jet-like structures are present. It is therefore im-
portant and interesting to study how the emissivity profile
changes due to beaming and what properties of the corona
can be determined from these changes. Point source and con-
ical geometries are the most physically plausible examples
of sources that would support beaming. In such coronae, the
particles that comprise the source are moving in a common
direction with some velocity, changing the observed prop-
erties of the system. It is the goal of these next sections to
analyse the emissivity profiles produced by such coronae and
examine their differences and similarities.
5.1 Point Sources
It is necessary to once again start with a simplistic point
source (Figure 6a) where the corona is located at height z
above a black hole and is given a velocity radially away from
the black hole, denoted henceforth as β. In these beamed
sources, only radial motion is desired. The velocity of the
source may be defined as that seen by a nearby freely falling
zero angular momentum observer (ZAMO) with velocity ω.
We consider, in general, a ZAMO so as to be valid in the
off-axis case, but we take the limit of ω = 0 as θ→ 0 (i.e. on
the spin axis of the black hole) for simplicity. The observed
velocity β can therefore computed by using ds2 = 0 for pho-
tons in the Kerr metric in Boyer-Lindquist co-ordinates with
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(a) (b)
(c) (d)
Figure 5. (a) A schematic of the conical corona geometry rotating with Ω = dϕ/dt at height z and with opening angle ψ that extends
a distance x over the accretion disc. (b) Conical corona geometries compared with point sources placed at the maximum height of the
displayed cones with opening angles ψ = 10◦ located a distance z above the black hole. (c) The effect of source height on the emissivity
profiles of conical sources with ψ = 10◦. (d) The effect of opening angle on the shape of the emissivity profile for conical source with
ψ = 2◦ −30◦ and common heights 5rg ≤ z ≤ 10rg.
dθ = dϕ = 0 as (recalling that c = µ = 1):
ds2 =
(
1− 2r
ρ2
)
dt2 − ρ
2
∆
dr2 = 0 (7)
From here it is possible to rearrange and solve for the co-
ordinate velocity dr/dt, which yields:
dr
dt
∣∣∣∣∣
photon
=
r2 −2r+a2
r2 +a2
(8)
This expression for dr/dt provides co-ordinate velocity given
the velocity β measured in the frame of co-located ZAMO
as some fraction of c. Therefore, the particle velocity in the
source frame (i.e. source velocity measured by a co-located
ZAMO) is computed as:
dr
dt
∣∣∣∣∣
src
= β
dr
dt
∣∣∣∣∣
photon
(9)
The value of dr/dt in the source frame is calculated at each
coordinate in the geometry, in this case at one single point
source, and the observed velocity β is given a direction radi-
ally outward from the black hole. With this understanding
of beaming a new set of basis vectors for beamed sources is
constructed:
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(a)
(b)
(c)
Figure 6. (a) A beamed point source corona geometry with ve-
locity β located at a height z above a rotating black hole and
accretion disc. (b) A point source at height z = 5rg with various β
values showing the distribution of initial ray momenta with the
magenta line representing the direction of the source velocity. (c)
A comparison of beamed point source coronae with varying β val-
ues located a height z = 10rg above a black hole.
e′(t) =
√
1
gtt + v2grr
(1,v,0,0)
e′(1) =
√
1
gtt + v2grr
(
v
√−grr
gtt
,
√−gtt
grr
,0,0
)
e′(2) =
0,0,
√
−1
gθθ
,0

e′(3) =
√
1
gtt
(
g2ϕt −gttgϕϕ
) (gϕt,0,0,−gtt)
(10)
where e′(t) = v is the four-velocity of the source moving in
the r direction away from the black hole and v = drdt
∣∣∣
src is the
radial coordinate velocity of the source.
Using the basis vectors in Equation 10, a set of sim-
ulations were run for point sources with various velocities
directed away from the black hole. To ensure correctness of
the beaming Figure 6b was produced showing the distribu-
tion of initial ray momenta for a source located at z = 5rg,
where the magenta line represents the direction of the source
velocity. As the velocity increases, the number of rays with
initial momenta in the source velocity direction increases,
with the case where β = 0.90 produces very few rays moving
down towards the accretion disc initially.
The emissivity profiles in Figure 6c were calculated for
point sources at z = 10rg and various β values. By increasing
the velocity, fewer photons land on the inner disc while an
increased number are shown to land at larger radii on the ac-
cretion disc. This result is precisely what one would expect:
as β increases, photons are preferentially given a velocity in
the beaming direction, therefore acting to pull ray trajecto-
ries that were sent down toward the inner disc region out to
larger radii (e.g. Dauser et al. 2013).
These differences, however, are not of the same magni-
tude as those seen throughout Sections 3 and 4, and thus it
is necessary to examine the effects of beaming more closely
using the reflection fraction. Here the reflection fraction may
be defined as:
R =
µout −µin
1−µout (11)
where µout is the cosine of the emission angle in the source
frame for rays that reach the outer disc (escape the system)
and µin is the cosine of the emission angle for rays that reach
the ISCO. This new definition of reflection fraction is equiv-
alent to Equation 6. Including relativistic aberration due to
the source velocity the emission angles become:
µ′ = µ−β
1−βµ (12)
We may approximate µout as:
µout =
2z
z2 +a2
(13)
and µin as:
µin =
2− z2
z2 +a2
(14)
where z is the source height. Both of the above approxima-
tions are valid only for maximally spinning Kerr black holes,
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(a)
(b)
(c)
Figure 7. (a) The calculated reflection fractions produced by
various beamed point source coronae with varying β values and
heights ranging between z = 1.5rg and z = 20rg. (b) Reflection frac-
tions for the same set of point sources normalized by the reflection
fraction at β = 0 for each source. (c) Reflection fractions for the
same set of point sources with varying β values as a function of
source height. Throughout (a), (b), and (c) the dashed lines rep-
resent approximations to R produced by Equation 15.
which are exclusively considered throughout this work. Re-
placing the approximations for µin and µout in Equation 11
and accounting for the aberration correction using Equation
12 provides an approximation for the reflection fraction as
a function of source height and velocity:
R (z,β) =
µ′out −µ′in
1−µ′out
(15)
Computing R as in Equation 6 for a variety of point
sources at different heights and with varying β values pro-
duces the results in Figure 7a. In the case of the point source
at z = 1.5rg being so close to the black hole results in most of
the ray trajectories being focused on the innermost region of
the disc with reflection fraction decreasing in a nearly linear
fashion as the velocity is increased. For sources further away
from the influence of the black hole the trend is similar as R
tends to zero for β = 1 though the decreasing slope is much
more shallow.
In Figure 7b each of the curves in Figure 7a has been
divided by the reflection fraction of each source at β = 0 in
order correct for the beaming. Sources with z ≥ 3rg exhibit
corrected reflection fraction curves as a function of velocity
that are very similar to each other, with those for z ≥ 5rg be-
ing nearly indistinguishable. The shaded grey region corre-
sponds to curves for the minimum and maximum inclination
produced by the estimation of R from Beloborodov (1999)
for special relativistic cases.
Figure 7c displays the relationship between reflection
fraction and source height for sources with varying veloci-
ties. As the velocity increases, the impact of height on R is
reduced significantly.
Throughout Figure 7 the dashed lines correspond to the
approximation for R in Equation 15 with colours matching
the corresponding source heights (Figures 7a and 7b) and
velocities (Figure 7c). It can be seen that the approximation
fits the data well in all cases where z > 2rg, corresponding to
the limit from Beloborodov (2002).
With the height of the source known, either from the
emissivity profile or time-lag analysis and a measured value
for the reflection fraction the source velocity may be calcu-
lated via rearrangement of Equation 15. As aforementioned,
sources closer to the black hole experience more extreme ef-
fects due to the strong gravity and therefore do not follow
the given relationship as closely.
With this brief overview of beaming effects on point
sources, more physical jet-like coronae may be studied via
the simulation of beamed conical geometries.
5.2 Conical
A conical source beamed radially away from the black hole
with a small opening angle is physically plausible as the jet in
AGN. Figure 8a shows a schematic of the simulations run for
beamed conical sources with a cone of height z with opening
angle ψ and velocity β. It is important to note that the rest
frame velocity is a constant throughout the extended geom-
etry according to an observer. That is to say, points in the
conical geometry that are nearest the black hole will have
a source velocity greater than those furthest away, though
due to how Equation 8 changes based on distance from the
black hole the value of β that is observed will remain con-
stant through the region.
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(a)
(b)
(c)
Figure 8. (a) A beamed conical corona geometry located at a dis-
tance z above a rotating black hole with height z and opening angle
ψ that extends a distance x over the accretion disc with velocity β.
(b) A comparison of beamed conical coronae with varying β values
all with opening angle ψ = 10◦ located a height 5rg ≤ z ≤ 10rg above
a black hole. (c) The calculated reflection fractions produced by
beamed conical sources with varying β values at three different
heights all with opening angle ψ = 10◦.
Taking a conical source with 5rg ≤ z ≤ 10rg and ψ = 10◦
and simulating for various values of β produces the emissiv-
ity profiles shown in Figure 8b. These results are consistent
with those obtained in the previous section for beamed point
sources. By increasing β fewer photons land on the inner por-
tion of the accretion disc and a greater number reach larger
radii. The mechanism here is also the same: ray trajectories
that were originally headed down toward the accretion disc
in the un-beamed case are pulled up and away for larger
values of β.
Performing a similar reflection fraction analysis as with
the beamed point sources produces the result shown in Fig-
ure 8c. The trend exhibited is as expected from the previous
analysis with a smoothly decreasing reflection fraction for
increased value of β. Similarly to the beamed sources, close
proximity to the black hole results in drop-offs in R for higher
velocities while moving further away from the gravitational
influence of the singularity produces smoother curves that
decrease in a near linear fashion. Comparing the results in
Figures 7a and 8c for point sources located at the top of each
of the cones simulated reveals that the reflection fraction for
conical geometries drops off more quickly than in the case
of point sources. This is due to the extended nature of the
cone in which the portion of the source located furthest away
from the black hole emits more photons capable of escaping,
lowering the reflection fraction.
6 MODELLING WITH XSPEC
In this section we revisit all of the corona geometries that
have been covered throughout this paper in an attempt to
distinguish each from the other by making use of the result-
ing emissivity profiles in spectral modelling. This was made
possible by using xspec (Arnaud 1996) to produce a model
composed of a power law component and a reflection spec-
trum using reflionx (Ross & Fabian 2005) convolved with
kdblur to blur the spectrum in the 0.1–100 keV range. Here
kdblur makes use of the computed values of the emissiv-
ity profiles produced through the ray tracing simulations. In
addition, each of the two components were set to equal flux
through the use of cflux.
For all of the models presented in this section the pa-
rameter values listed in Table 1 were used and held constant
across each, only allowing for the values of the emissivity
profile to change in the kdblur component for the various
source geometries. The range was truncated between 0.3–
70 keV to show the regions of interest. Parameter values in
Table 1 were selected to simulate a NLS1 type galaxy (like
1H 0707) with a steep photon index, moderately high iron
abundance, and a strong Fe Kα line. It is important to note
that only i = 60◦ is included as this inclination provides the
most variance among the spectra, allowing for a best-case
scenario in being able to distinguish different source geome-
tries.
The first step in gaining an understanding as to how
the spectra change for various geometries is to examine the
preliminary results of this spectral modelling for a simple
point source at z = 5rg (Figure 9). At 6.4 keV the prominent
Fe Kα line is present and broadened, as are the other lines
in the spectrum, by the kdblur model. The broadened line
exhibits a peaked blue wing and an extended red wing.
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Table 1. Model components and their respective parameter val-
ues used to produce the spectra throughout Section 6.
Model Component Parameter Value
powerlaw Photon index, Γ 2.5
kdblur Inclination, i 60◦
reflionx Photon index, Γ 2.5
Iron abundance / solar 5
Ionization parameter, ξ 50ergcm/s
cflux Reflection fraction, R 1.0
Figure 9. Resulting spectrum produced by the model in Table
1 using the emissivity profile of a point source corona at z = 5rg.
The reflection and power law components are made visible for
completeness.
With this basic picture for our most simple model the
other more complex extended geometries may now be ex-
plored. The variations between the spectra of the different
sources, however, are not easily visible through the spectra
alone. Therefore, for each case a ratio has been taken be-
tween two sources of similar geometry and/or size (slabs are
comparable to spheroidal sources and points to cones).
These ratio plots are presented in Figures 10a and 10b
where the vertical lines represent the Fe Kα line for reference
(this is included in all ratio plots). In Figure 10a we can see
that the ratio between the spheroidal corona with Rsph = 5rg
and a like sized slab geometry remains within a few per
cent throughout the 0.3–70 keV range of the plot. The most
notable differences are present in the blue wing of the Fe Kα
line with the spheroidal source showing a peak at energies
just beyond 6.4 keV in the 7–8 keV range, though even here
the differences are small.
The plot shown in Figure 10b with the ratio taken be-
tween a conical source at 1.5rg ≤ z≤ 5rg and a point source at
z= 5rg shows that the spectrum produced by a conical geom-
etry has larger ratios in the red wing of the Fe Kα line and
smaller ratios in the blue wing compared to a point source at
(a)
(b)
(c)
Figure 10. (a) The black line denotes the ratio of the spec-
trum produced by a cylindrical source with itself and the red line
denotes the ratio of a similar sized spheroidal source with this
cylindrical geometry. (b) The ratios between a point source and
itself as well as a conical geometry and the same point source. (c)
The ratios of all sources within 5rg of the black hole with a point
source located at z = 5rg.
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(a)
(b)
Figure 11. (a) The ratios between a point source at z = 5rg and
point sources at the same height with varying values of β. (b)
A conical source at 1.5rg ≤ z ≤ 5rg with the ratios taken between
conical sources at the same height with varying values of β.
similar height, with differences over the two spectra within
5 per cent.
Figure 10c presents all sources within 5rg of the black
hole and takes the ratio of these spectra with a point source
at z = 5rg. It can be seen that the point source is more sim-
ilar to the conical geometry with the ratios of the slab and
spheroidal geometries with the point source in the range of
10–15 per cent difference maximum.
Both Figures 11a and 11b show similar results. In the
case of beamed sources versus stationary sources, the blue
wing of the Fe Kα has been accentuated as a result of
the beaming with a large peak in the spectrum ratios be-
tween 7–8 keV. Only the cases with the highest value of
β show differences in the ratios in the range of 5–10 per
cent. Simulations of spectral data, as it would be measured
by XMM-Newton, were performed based on extreme objects
with properties given in Table 1 that are bright (2–10 keV
flux ∼ 10−11 erg/cm2/s) and observed over long exposure
times (e.g. 100 kiloseconds) to produce good quality spec-
tra. For such sources the geometries are distinguishable from
Figure 12. The ratio of a spectrum produced by a point source
corona at z = 5rg to the model of a spherical geometry of radius
Rsph = 5rg located on the accretion disc that has been fit to the
simulated data.
each other, as shown by the ratio plot in Figure 12. This so-
lution may not be unique from other interpretations of the
AGN spectrum (e.g. partial covering or multiple Compton-
ising layers), but it suggests that current data could distin-
guish between different geometries.
7 DISCUSSION
The emissivity profiles obtained via ray tracing simulations
as well as the spectral modelling of point sources and ex-
tended corona geometries provide insight into the differences
and similarities between the four geometries studied. In all
of the emissivity profiles calculated a twice-broken power
law shape is observed with steep slope at low radii, flattened
midsection, and outer profile slope dropping off as r−3 . After
simulating and confirming the results of simple “lamppost”
point source models a series of three extended geometries
were studied by varying a number of parameters.
The height of the source above the black hole was found
to cause the greatest difference in profile shape for point
source and conical geometries (Figures 1b and 5c) while be-
ing less significant the radially extended geometries (Figures
3c, 4c). In all cases increased height caused the midsection of
the profile to flatten further and accentuate the twice-broken
shape of the profile described in WF12.
Horizontal displacement from the spin axis for point
sources (Figure 1c) and radial extent over the accretion disc
for conical geometries (Figure 5d) also produced notable pro-
file differences though the results here were much less dis-
tinct than for vertical height. In the case of cylindrical and
spheroidal sources radial extent had a greater effect on the
profile shape (Figures 3d and 4c) being a more significant
parameter than the height of such sources. For geometries
with more total coverage over the accretion disc the break
in the emissivity profiles shifted to larger radii, effectively
tracing the edge of the extended source.
While being able to tell what properties a particular ge-
ometry possesses it is perhaps more interesting to study the
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differences between the various sources simulated. Compar-
ing the emissivity profiles produced by the four different ge-
ometries found that point sources can be distinguished from
extended geometries such as cylindrical slabs and spheroidal
clouds.
Cylindrical and spheroidal geometries were found to
produce very similar emissivity profiles with minute differ-
ences (Figure 4c). Comparisons between spheroidal and el-
lipsoidal sources found no significant differences between the
two to allow for any true differentiation.
The same can be said about the differences between
point source and conical geometries with narrow opening
angles. In the case of conical sources with narrow opening
angles the emissivity profile alone is insufficient in determin-
ing whether the parent source geometry is a point or cone
(Figure 5b). These results suggest that radial extent and
coverage over the accretion disc are more impactful on the
resulting emissivity profile than vertical extent perpendicu-
lar to the disc.
However, differences between point source and conical
geometries arise once reflection fraction is considered, with
the conical source exhibiting a larger reflection fraction in all
cases than the equivalent point source. This is as expected
due to the extended nature of the cone, allowing more pho-
tons to be emitted nearer the black hole than a point source
located at the top of the cone, resulting in fewer photons
being able to escape the system and more being reflected off
of the accretion disc.
In the analysis of beamed point source and conical ge-
ometries, which were given a velocity β directed radially
away from the black hole, the emissivity profiles in both
cases exhibit a common trend: flattening of the profile mid-
section with increased β (Figures 6c and 8b). The profiles for
the various β values are all very similar to each other, and
thus it is again necessary to explore the reflection fraction.
Changes in R for point source and conical geometries follow
an expected trend of decreasing to zero with a shallow slope
as β approaches the limit of light speed, with the exception
being the point source located closest to the black hole (Fig-
ure 7a and 8c). An approximation of the measured reflection
fraction in Equation 15 was found to fit the data for beamed
point sources with z > 2rg well. With the height of the point
source known, from an analysis of the emissivity profile or
through time-lag studies, and the reflection fraction mea-
sured from AGN data it is possible to rearrange Equation
15 and estimate the source velocity.
In Section 1 it was discussed that the illumination pro-
file (photons incident on the disc) and emissivity profile
(photons processed and re-emitted by the disc) were to be
used interchangeably throughout this work. The equivalency
assumed, however, may not be exactly true due to various
factors including the absorption and emission processes in
the disc that are affected by ionisation gradient across the
surface of the accretion disc which contribute to differences
between the illumination and emissivity profile. For exam-
ple, Svoboda et al. (2012) show the effects of ionisation gra-
dient on the emissivity profile. In this work we were inter-
ested in emissivity profiles as measured from the Fe Kα emis-
sion line and assumed that the line flux is proportional to
the incident flux upon the disc with no other factor (e.g. ion-
isation gradient) causing variation in the emitted line flux
between different radii.
Using the computed emissivity profiles it is possible to
simulate spectra using xspec to explore the feasibility of dis-
tinguishing the different geometries in observational AGN
spectral data. Modelling in xspec was done using a com-
bination of power law and blurred reflection models. This
model was used to create a spectrum for each corona ge-
ometry that could then be compared with the spectrum of
another geometry in an effort to examine differences between
them (Figure 10).
With this technique it can be seen that the largest dif-
ferences between the spectra occurs around the Fe Kα line
at 6.4 keV. Figure 10c shows that in a comparison of all
geometries to a point source the differences are less than 15
per cent, with cylindrical and spheroidal sources being most
different. Performing the same analysis with beamed point
sources and conical geometries finds that differences between
the spectra are about 5–10 per cent when comparing a sta-
tionary source to beamed sources of the same geometry.
The results found throughout Section 6 suggest mod-
erate differences in the spectra for the various geometries
studied. The differences require high quality data from cur-
rent missions observing extreme, bright sources over long ex-
posure times to be distinguishable. The solution found here
may not be unique as other model interpretations could re-
sult in good fits. Athena-like missions with large collecting
area (e.g. Nandra et al. 2013) or those that are Hitomi-like
with high spectral resolution (e.g. Takahashi et al. 2014)
will provide the ability to more finely discern the differences
between the geometries.
All of the results obtained throughout this study of var-
ious corona geometries suggest that emissivity profiles are a
useful tool in determining different sources, but that they
are also part of a larger tool-kit. The corona geometry itself
is an important indicator of the formation processes that
take place to create the X-ray source in AGN, processes
which are still not fully understood. Parameters such as the
extent of the source over the accretion disc are readily iden-
tified through the analysis of the emissivity profile. In order
to precisely identify the geometry of a specific source emis-
sivity profiles must be used in conjunction with studies in
reflection fraction, time lag analysis, and spectral modelling.
Beaming, for example, proved to have a lesser effect on the
emissivity profile than did extent over the disc, requiring an
analysis of reflection fraction in order to determine the effect
of source velocity.
8 CONCLUSIONS
It was found that point sources can be distinguished from
extended geometries such as cylindrical slabs and spheroidal
clouds through the differences in the emissivity profiles
alone.
Conical geometries were found to produce results very
similar to point sources, and thus required the analysis of
reflection fraction in order to distinguish the two geometries.
In the case of beamed coronae it was again necessary to
use reflection fraction in order to determine the differences
between beamed geometries as the emissivity profiles were
not significantly different.
By analysing reflection fraction curves as a function of
source velocity and height it was possible to produce an ap-
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proximation of the point source reflection fraction as well as
the velocity given the height of the corona and its measured
reflection fraction.
Differences in the simulated spectra produced by differ-
ent geometries do not exceed 15 per cent even in the most
extreme cases.
Simulated data suggest that differences between the
emissivity profiles of the various geometries can be detected
in high quality data for extreme, bright sources over long
exposures.
The results all suggest that a collective tool-kit involv-
ing several analysis techniques (e.g. emissivity profiles, re-
flection fraction, time lag analysis, and spectral modelling)
are required in order to determine the true geometry of the
corona.
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